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SUMMARY

}'h;._ pap++ i.; c,_c+,rm;d ,l'ith, th+n, ch,ani.,'m qf

{atigm .iJ_, cr!l,_t(tl,_", at_(l a brief J'eviru', qf ln'exel_t

#lum!hd_le +_1clhi,_" ,_'ukject ;._ gb,+n,. The; fact that

result._, qf revrr._'ed-b+nd te,_'t._"o_z I;thiut_z ./[u+_t'ide

._'iligh cr!l._'talx at 2 cpm, arc ,_im ;htr h_ th,,_'¢ pr+,vhm,#!l

+_btitin_'l at 1,SO0 cpm in,licate,_ that ,_p_ed _;lfectu

d_ i_nt ida?� at_ ,_mportald r_de 'i_t de/arm in,rig the

beh,a_'i,r qf lith;um ltu,,';de und_J' r+"ver,_'ed,_tr+,_',_i_9.

lle_'cr,,'cd-t+_r,d,_ te,_t,_ !field addithm+tl _v;de_ce thai

vaca_'!i formathm i,_ n_t a ],'hn,ar!l ca,_t,_'eqf t}_tigm¢

.failm'_. Lithiu, t_ flu+,'hb i._' a matrrial which doe,_"
_u_t _'_adil!] cr+_,_',_',dip. 7'h__ ab,_m'_ _ qf .fatigue

fa, ilur¢,_ ;n Mth re_'rr,_+d br_uling and rcrersed tor,_'hm

[em/,_' further ,_'upp,rt t, the lhe+_r_l th,at cro,_,_.,_./;p ;,_,
_e':c._',_ar!l in, ¢_'¢f_,_'I, obtain u,_'ua/ fatiyuc behavb_r.

The rr,,'ult_ .further +h,m,_,,.trate that dLd,catio_

pileup,v d¢> _u_t had tn .f}ttigm_ failure M I#hium

flu,ride. The r+'._'ult._' als¢_ indicate that plastic

d_Jo,'nmthm h+ the c+nl,r,_e qf re_ter._'ed C!lClMg will

rela.r aa Mitially applied _m,a_r load. Etch-pit

._'tudb,_' qf lith, ium flu¢,'bh' yield vi._ual evidet_ce of the

growth qf ,dipha_ul,_" d+t_'Mg C?lcling.

INTRODUCTION

GENERAL REVIEW OF FATIGUE MECHANISMS

Ev(,r since the 1)henomi, non known as t'atigtw of

mr,this wns rt'eognized over _l ('enft_ry ngo, a st,at'('h

has 1)can underway for the lmsi( +,m(,(qmnism in-

volv(,d. Ri,vi(w+ _ i)f lhe r(,sear('h ('on(hwled during

this period rev(,uls the sut>sl untial l)t'ogr(,ss lhat, has

hi,an made and in(li('ales that an tmd(,rstun(ling

o1' the <'omlih,x l)r()('(,_se_ involved in t'nligue is
clo_e hi. Imnd.

Ac('ordin,,_ to ('nzaud (ref. 1), the earliest work

on l'atigue was done in 1829 ]Iv All)err who in-

vesli_zall,d the l)ehavior of mini, <'nt)](, st_t)j(,<'l(,(I

to rel)(mti'd stressing, l,attw wov],: by FMrlmirn
_nd Wohh,r during the period from lSSO t<) 1_60

brou_ght, ot_l the ('OIl¢'t+pt of all em:llll'all('e limit and
showed l hnl lh(' llUlll])('r o[ (wi'les lo fnihn't, (l('-

l)endi'd upon 1lie sll't,ss h, vel al).vt, lhe ('lldlll'llll('(_

limit.

The tirst signiti('anl work l)_'rluining to lira

ln.i,(.hatfisnt involved in t'atigu(, v,'ns done t)v ]"wing

and lhm++l'rt,v (r<'f. 2) who fottnd in 1903 lhat slip

o('('tH'red (|uring the l'atigt_e l)rO('ess. Th(' work <)f

Gottg'h (l'ef. 3) and his ('owot'l;,ers <lttring" the 1920's

(,stnt)lisht,d t]w t'tuq: 1hat the slip svst(,ms whi('h
are ot)ernlivi_ under ey<'li,' lo+uling nr(, tlt(' same '_s

lhi)s(, whi(dt at(, oI)eralive under unidire<'li<)nal

loadin F. (h)ug+h ttlso l'ot,nd tlutl tlt(, ('ra<.ks whi('h

lead to tinnl failttre original(, in the slil)t)nntls.

In 1939, ()rowan (t'(,['. 4) pr('set_led a th(,ory of
fatigue whi('h involved _t t)ro('t'ss of ('tunul:ttivc

strain hardening whereby the lo('ttl slt'(,ss in ('rili('al

regions ('ouh[ be in('r(,ns(,d until t'ra('ture in the

reg'ion o('('urrt,d. Based on the inl'ormntion nvail-

t+t)l(, at, th(' linu,, the t.he(irv ofl'ered it z'('asonal)h_

exphumtion ol' the observations. I[owever, the

research work of the 1950's hns bri)ught forth

additiotud information whidl is uot in sU])l)ort of
the Orowan mechatfism.

For example, Vfood and St,gall (rat'. 5) fotand

tlmt when ('Ol)l)er st)e(_imens were sul)je('led to

This l+al>*'r is h:_.stul in part tll_ot_ :i thesis entith,d "An h+vestig:l/i(m of tit+.?Mt,ehtitlisnl of F4ti,.z'ue in Crystals +' stibnlitted I)y Artht£r J. M(.Fvily, Jr., it+.

part ial ftnlfillun+,u+t of the l'i,q_firt,nmt+l s for t)., <h,i_i'e_, of I){_(,lor <J F+ngitwen'ing +_(.iei_('t,+ itn lhe S(,hool of F+ngint,i,ring+ ('oluml>ia Uzfivt,rsit y, Ma+x I!;59.
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repeated cycles of conslnnl plnsticsirain amlflilude,

the yieht stress was not x'nised indefinitely, its

would bc expech'd if the ()rowan niechanisnl were

operating, trot instend leveled off aI a value whMi

wns a function of plastic sirain. Ebner nnd
P, nckofen (ref. 6) obtained similar reslllis for singh,

cryslnls of COl)per not only tit room ielnp/,l'alllre

|)lit nlso at 77 ° K.

Anolher objection to the ()rowan |heol'V is that

it does not emphasize the voh' of lhe surface in

fatigue, q'lmt the surface is indeed crilMd is

evidenced by the beneficial cire(qs of lifet.ime

derived by inhu'miltently inlerrupting a I'lltigue

i.PsI [O I'PIIIOVO lhe Slll'fll('e hlyers. A further

imlicnl ion is t he indusl rM pratt ice of shoi-peen ink

loincrease fatigue life. In nddition, none of the

niethods of insl)ccting the interior of fatigue speci-
III('IIS, StlCh iIs sectionhl g (ref. 7), small-imgle X-

ray scnttering (ref. 8), nnd direct observation o[

trnnst)arent (T',stals (rcf. 9), ]ins tWOl' resulted in

the detection of voids or cracks entirely beneath

the surface.

In view or these objections to the ()rowan

lheor.v,lhere existedn need for a new fovmulntion

of a lheory of fniig'ue which wouhl till,:(' into
account the recenl observations. The l;,ev |O |he

later theories was l)rovided by Forsyth (ref. 10),
who in 1953 found thnt mntcrinl wns extruded

front the slipbnnds during lhe fatigue process. In
furtiler 'WOl'k lit' found that the intrusions nlso

developed durinK the cyclic process. It x','ns

l)ostuhtted thnt these effects wouhl lead to the
I'ornmtion of stress raisers on the sm't'ace which

would facilitate local fracture and growth o[

l'ati_ue cracks.
>;im'e the initial observations wcrc made oil nge-

hardening lnaterinls, it was l]lOtlg]lI l]la|, a ])rot'ess

of Ovl,rag'ing, leading to softening, was involved in

the extrusion-intrusion process, llowever, addi-
lionnl worl,: showed flint tile exlrusion-intl'USiOn

process also occurred in nonnging mnterials. ()f

lmrliculur importnncc in ..... "ass( ssmg tit(, roh, of [her-
mnl etrecls is ihe work of _[('('nnmmn nn(l Rosen-

berg (ref. 11), who found iMi fatigue occurr(,d at

telnl)crntures ns low Its 4.2 ° K, and therel)y chn'i-

ficd the theoretical t)i('ture l)v elimimlling ther-

mMlv activated 1)rocesses such as (lislo('nlion

climb, vncancy diffusion, nnd oxidation as ne('es-

sltry Io the l'aligm' l)rocess, nil hough such 1)ro('esses

couhl lllay a modifying roh, nl higher temt)eratm'es.

For exl ml)h,, Wilson nnd Fors)lll (ref. 12) ]row,

re('entl) found evideuce of a recovery 1)rl)('ess ()t)m'-

at ng (l wing the cyclic loading of pure aluminum.

With rest)eel to lit(, inlluence of temperature on
the basic mechanism, the work of Hull (ref. 13)

with col)per crystals indicates thai essentiMl 3" the

SIIIIIU pi'O(tesses are involved tit room |olll[)l,l'itl[ll'O

as are involved at 4.2 ° K. He exnmine([ the sur-

face stlucture of slipl)nn(ls nt 293 ° , 90 ° , 211° , nnd

4.2 ° K and found that lit(, shape nnd size of ex-

trusions did nol appear to Iw nlrelqed 1)3- lhe tetH-

pernlure al, which the sl)eeimcns were faiigm,d.
The extrusions and intrusions found by ]lull

consisted of thin ribbons or crevi(,en abou! 0.05_

thick. Their height or del)th vnrMt widely but.

the lna',;[lllllnl value wns about 1.5#. Since these

effects were observed at I l)ercent of the estimated

life, ]hill considered lhai the major portion of the

t'nligue lifetime wns spent in the t)ro])ngalion of

fntiguc oracles, l[owever, Mt'Evilv and Mac]flirt

(ref. 14) have pointed out that for much of the

lit'(,lim( the growlh is crystallographic in nature.

They consider lhai such crysinllographi(' ('racks
:lrl, simply large inlrllsiolls which grow by the
same n,eclmnism which caused lheir formation.

In this view there is no real disiinelion twlwet,n

cryslMlographic <'rack inilialion nnd growlh sincp

I)()llt nr_, nmnil'estnlions of l]w snme l)l'OCeS.¢. ()nh

in the tl nM singes when noncrysinllogral)|lic (','acl<s

are t'onaed does crack 1)rol>ag:tiion I)v sonic local-

ized I'rn/quring meclmnism Ol)ernte.
With resl)e<q to lhe Inorphology of extrusions

and intrusions, Forsyth (ref. 9), using silver chlo-

ride, found thai exh'usions nnd intrusions usually

fornled Oil lhe Slllllt, plliin, and ill,ill" logelliPi', i{e-

cenily, !tVndswoi'lh llJld llulchhigs {rel'. 151) , usin 7

copper, found lhItl oxli'usions wer(, lnor(, (_oilililOn

1]hilt inli'lisions, SOllle o1' l}ie oxlrusions lq)])iirpully

]nlvhl 7 I'ornied hi regiOilS isolnie(l froni oltn,r in-

ti'usioli_ or exlrusioilS. I_css oflen, extrusions nnd

ililrll,-:,iCliS o('cllrr(,d ll|l(,rnlt, te|y It]oil 7 i]l(, sIlill(,

slil)bnn, I. _tVlidswol'lh nnd ]{lll(']lhlgs also ob-

[Ilined _,xperiinenlll| evidelwc ltllit l|w s|ip]llln(]s

d(,s(Tib, d I)v TholiipSOll, \Vadsworlh, _llil] ]A)llai

(ref. 16), w]iich pei'sisled lifler lhe surface hiyers

of cycli rally loade([ Sl)eciinens were polish(,d iiwa.v,
IlltlV [triCe J)('('ll Stmllow ('l'tl('kS w/iic]l I'eslill('(] [l'Olll

tlu' intl usion pro('ess.

Anoih(u' [iiclor of inlporhtnvp ill i]le fOl'lnaliOli

of exlrt_sions lind ilill'lisioiis is l]w re|nlions|ii l) of
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tile slip vector to lhe surface. Experiments by

Wadsworth with <m(ltniunl (st,(, l)iscussion in ref.

17) and I)v Elmer and l_acl,:ofen with C<)l)l)cr (ref.

fi) have shown, for cases in whMt the slip direction

of tit(, primary slip system was in tit(, plane of the
sttrfn('e, l[,al t}m e×trusio,>intrusion 1)ro('ess does
no! o<'('ur in thut svslem but inst('ad occurs in

sonw other system whose slip direction does not

lie in the plane of the stu'fnce.

The results of such tests indicate that the pro('-

ess of extrusion-intrusion fornmtion is a fairly

widcsl)read t)hen(>menon which ])lays an impor-

tant rob, in flu, fatigue mechanisnt. However, it

nutv nol l)e the only process. For example, in

lit(, I'utigm, of l)ure ahmtinum s,_mll ('vlindri<'al

cavities extending from tit(, surface wilhin slip-
Imnds haw, 1)een observed, qhese cavities arc

quile differen! in al)l)('at'ance from intrusions and

may indicate that a different mechanism is opera-
tire. In addition, Wood (rcf. 18) considers lhc

fatigue i_m<.hanisnl to l)e n fttnclion o1' stress h,vel,

wit}t <,xtrusion-intrttsion the itnportant |)ro(_(,ss nt

h>w stress h,,:ets and sotnethin_ akin to the ()ro-

wan me('httnisnl of ('t,nnllntive strain har(|enin_

oI)et'ative at high stress levels. "_Vltether lhere ttt'('.
two such ntechanisn+s, or whether the extrusions

and intrusions fornu,d al high stress h, vels ure

tnet'('13: difli('ttlt to ol)scrve because of tit(' SUl)er-
iml)OSt,d effects of large plasti(' del'ornmtion has

not yct l)een clearly estal)lishcd.

[tt I'O('('tlt Vt'ttl'S tWO <lisloc_ttion models have })(,(,n

deveh)l)ed to exl)htin the fornmliot_ ol'extrusions

and intrusiotls during <'volt(' loading, one t}y

('ottrell and Ilull (ref. 19) and tit(' other t)y Motl

(ref. 20). These nto(h,ls incorporate tit(, l)rin(ql)nl

aSl)t'<'ls of the recent eXl)t,ritnental lintlings and are
considered to. l)e intl)ortant in undt,rslandin R' tlt('

fnli_tte ]+te('lt_|ltiSllt.
In the ('otlrell-1[ttll model, extrusion aml in-

trusion formation is a <'ool)eralive l)rOCCSS involv-

ing" the sequential motion of edge dislocations on

intersecting slip planes. The Jnotion of the dis-
]o<'ations is such that ns nmterial Jnoves in along

one slip 1)lane to form an intrusion, material

simultaneously ntoves out along another slip

l)hme to I'ornt an extrusion. In this model, there-
fore, no 1)uihhq) of nmteriul or void fornmtion

occurs within the sl)e('inten.
In the Motl nle('hanism a s('rew ,lislocation

whi('h intersects lit(, surface traverses tt closed

circuit in the course of a fatigue ('ycle. The

nmli<)n aroun(] suclt a <'ir('uit requires that cross

slip of tit(' s('rew dislo<'alion tnke phu'e, l)('pcnd-

ittg Ul)on the torture of the circuit, extrttsions or

intrttsions can bc fornwd, t)ttt in the siml)h'st
v<,rsion of the model tltis wou]<l involve voi<l for-

nmli<>n or a tmihlul> (>f material within the speci-

men. Imter variations (>f tit(, nm(te| (ref. 14)

ovet'<'nrue this dilli<'ultv by linl,:ing extrusion
formation to intrusion fornmti(>n.

In (>rder to deterntine the relative validity of

these two models, NlcEvily and Nla('hlin (rcf. 14)

tested two groul)S of single crystals. All cvvstals

were t)rienled to satisfy tit(, c<>t_(litions <)f the

(!ottrell-llttll nte(qmnisJu, trot one group of ('rs'stals

was clmracterizcd l,y an nl)ililv to cross slip

easily whereas the second grou 1) was not. Tit(,
results of the fatigue tests showe<l tlmt in tit(,

first grou 1) extrttsions and intrusions vcere fottnd

and fatigue faihtres o('curred, whereas in tlt('

s(,con(] grotl l) I]O eXll'tlSiOllS Ol" illtl'tlsiotls W(q'e

fottnd and fatigue failures did not o('('ur. These

results, lherefore, indi('nled that <'ross slip is nn

inq)ortant re<It,irent('nt for tt fttti_uc tne('hanisnt.

AIMS OF PR]+ISENT INVESTIGATION

'Fit(, purpose (}t' th(' I)r('s('nt investigation is t()

<'xtend the work on the efl'e('ts t)f <'y<'lic loading on

single crystals in which ('t'oss slip <h)es not readily

occur and to study the t)elmvi<)r of dislocations in

greater detail. Single crystals of lithium th,oride
(I.,iF) were <'hosett for this investigation lnrgely

1)ecause tlt(' etching le<'Imi<[tlt's (h'velol)ed l)v

Gilman and Johnston for lhis material (ref. 21)

])rovide a nt(,atts for (It(, direct ol)servution of
(lislo(mt ion behavior.

Another hint (>f the investigalion is to stu(lv lhe

effe('ls (>f rate of cy<'ling and type of loading (>n

IAF Sl)e('inwns. The t)reviotasly rel)orled woI'l+:, had

|)een done only al 1,800 (.1)tn in fully reversed

bending.
For the orienlation and tyl)e (}f loading l)revi-

ously investignted it was fountl lhnt tit(' extrusion-

intrusion process <lid not Ol>erale in I+iF, and

fatigue failures <lid nol o('<'ur at stress h, vels an

or<h,r of magnitude above the initinl vMd stress.
This behavior has 1)een altril)uted to lhe imtbilitv

of the material to cross slip. l{owever, thislack

of ability to cross slip <'ouhl serve to pronmte

<'rack forntalion al l)ileul)S of edge dislocations,
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since loyal stress conct,ntralions wouhl not be

relieved, lit tlw previm,s wtwl,: the slip 1)lanvs

whit'h olwrated wvre of a m_lm',, whi,'h did not

lmrtimnlurly favor the pileup of edffe dislot'nlions.

A tired him is, thm'efor,,, to, tlelermine w]wlher

t'nti_ut, failur,ps in suitnbly t:,rie,lled nnd hmdod

stwcim,,ns could 1)e slu'oss-m,'h,ah,d by the pih,up
of edge ,lidot'alions at Im['ritws.

SPECIMENS

The I_iF crystals used in this inw,stigatitm wt're

,d)tained fro,hi the ttarshaw ('}wmical ('ompany
of ('levehlnd as blanks ch,av,,,[ or sawed to the

desired ovivntation. S,pot,imt,ns were tested it,

bt'ndiug or torsion, aml the configurations lhal

were fountl to be suitabh,, together with apF, roxi-

mary dimensions of the cryslnls, are shown in

¢ • ifigure 1. I hes_ shapes were selech'd ])c'cllAlSt, |[lOV

v, mtint,d t}lo rt,gitm of inlel't'sl lo a small area and

I

y

, 3 .... ,

[
(o)

I

'."=2¼

I

-- --4 _ i, B _ 8

-x !

(b)

(a) ]'k'nding faligue specimen.

(b) Torsion fatigue SlWcimen.

l:I_;vm.: l.--,'<p,'eimen configurations. All dimensions are
in intehes.

minimi,:t,d the Imssil,ilil.v of failures oc,'urrill_ ill

the gril,s.

Ii wls l'omld thal hand grinding wilh metal-

lurgiva papers was the mosl satisfatqoz'v mot]loll

of shnl,ing the crvstuls. Final 1)olishillff prior to

a]mt,aliug: was thm,, with cloths impregnat,,d wilh

(RI0 Ahmthtm. SF, t,t'imt,ns wt,rt, azmt,ah,d al 1,200 °

F for 3 hours, follow,,d l:,v a l'm'lmct, ,:.ool to rt,om

temperature. The spt,cimt,ns wt,re checl.:e<l itt tl

polarizing mit'roscop,, autl ft)tln<] It) bt' stress froe

afler tilts anueal. "]'lit, crystals were lht,n i.]l(,lll-
icallv :mtished in a sohltitm of ammonium hv-

droxidt and stored in n desiccator until It,sled.

TESTS

BENDING TESTS

In order to cht'ul-: on Sl)t'ed ,,ffe,'ts, bending' tests

Weft' rill lit 2 ('pill altt[ 1,S(}O cl)nl. ']']lose at 2

el)Ill Wcl'o cOtlS|llll l -lllll[)lil tic{(' 1 ('St S, Wllt'lR'llS, { [lOS('

lit I,S(_O C])lll 1,vt'l't' ('onstanl-ltm,I If'sis. Fulh"

revt,rso l In,rifling it,sis lllt(] rt,'c(,rst,d bending l(,sls

l|[)Ollt ;Ill nplflit'd initial lond or th'fl,,,'lit,n wore

nmde in or, h,r Io study the inIluenee o1' n znea]_
load or mean slrain on the t_vhavior of lht, crystals.

SF,ecimells were lt,slc,t[ l/s eanlilever beams in a

canlih, vt,r b,,ntlin g t'atiKut, ma,']lint'. T],, 2-cpm

lt'slx w're lllmle l:,v utilizitlg" lht' t'alibrated Sl:,rin _

and dial s3"slenl which art, ortlimu'ilv used for apply-

in Kmo,ln hmtls. I),,fh,ctio]_ of tht, fret't'nd of the

t:a,lih,.t'r was mt,asured l}v using' a 31)-pmvm'

micrt,s, ope. S,lrol_osc,)l)ic illumizmlitm was used

in the ,SOO-clml tvsts.

Tht, wienl_lliou of lhe cryst_tls ix s]_own iu fiffuro
2(nl al d will bt, ,h,st.rit,t,d ns (001) [10{)]. The

prin,'il);tl slip svslems art, also shown ill lifts tigur,,.
It silo Iltl lw r,pmarl.:.etl thul twt, .thor highly

stz'¢'sst',l l)Otel)tial slip systems will l,t, loss lil.:,,ly

to Ol)Ol':tle thllll Iht)z(' s]lo%vII ill fi/ure 2(a)])('t'llllSO

(Iw cry-qal dimonsion in the slip _lirection is mm.h
larger n the [Ol'llltW []lliii ill tilt' latter (rl'l'. '2'2).

TORSION TESTS

The orsitm tests wt'r,' undt,rl.tkt,n to th,lt','tnint'

wheth,'!" edgt, dislocalitm pih,ullS t'ouhl lead it,
cra,:'l.: t:)imatitm ill I.AF, end _dso to observe lhe

betm.vi,,r of dislovations by using _m etching tech-

nique. The orientation of t,he cryslals is shown

in tlgmt' 2(b) grad will bt, deserilwd _Ls (/)()l) [110].

The sip system for l.Al; ix {1T0} ._110_-. (¥m-

st'qut'n ly, the slip dir,,,.tit,n lies in lilt' f_we of the
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/I ....... _ .... 7- ......

i I

I ,///

(a) / Bending axis

,/A /
// .......... /)

_//,I // //_ T°rxsiign

/}': I IZ!
(,,,,' (7
/ bi
(b)

(a) Bendiug Sl)eeimou.

(b) TorMon sliecinlon.

FIGUliI_; 2.--Orient.ath)ns (if LiF sI)OCililcns , with prhlcipal

slip 1)l<_nes _lid Mill directions hidicated.

clTsl.ll.1 hi th,'se oxt)i'rintenls, and lhe operative

slip sysl.enls aro such thl_t the edge disloclllion

portions of tho loops intersect at the sIIrfil.ee.

In tliese tOl'SiOil lesls liio pohit of nltlxillluiii

shoar sl.ross falls in the Slli'fli.co i_{ nlidwidth of tho

._l)OCilllOli, |]lt, ro|)y tqilnil/ll.lhlg edge effecls alld

fa.ciliialhlg ot)servalion of the pl'ocossos involved.

];()l" the conllgurii.lion shown, the lil,q, xilllllnl shelH'

stress r ..... is given 1)y

4T

wh(,re T is torqu(', b is widlh of specinien, and t

is lhickn(,ss of Sl)e(dnleli.

Tol'sion te,_ling WllS (|ono in lho sa]ne nulchin(,

il.S the t)eii(ling eXl)(!rinienl.s wilh fill adal)lor lo

t'OllVOl't to torsion loading. In goliorlll |ho spocd

of losl big w'_s 1,800 Ci)lii , t)uL whore l.ho liuliiblir of

cyclos t)eiwoon obsorvlilions wils sina|l, the lorquo

was applied nli/nllll.lly %1. ltl)OUL 2 ol)nl. (I11 these

tesls the Stl'OSs level was increased slightly "lfter

every l0 s cyclos, li.nd lhe liml)lit.udo of twist was

lilt,ilSill'Od li.1. ell.oh stress h,vol.)
]li the etch-pit siudii's, lho procedure followed

WIiS Ill intorrul)l lhe tiesl ill, inlorvll.|s mid lo in._l)oct

the sl)ociinen for cracks. If ill)llO WOl'O folind, tile

s|)(,ciinen wits reiilovod fl'Olil lhe lo,_ling" ni'lchino

mid el chod in _ihnlin lind ,lohnsllin>s etch "V_ r''

([ori'i<: fluoride in wlllt,i', 1.5XI0 -_ inohil') for

li.lil)rOXilllli.l(,iy 1 lliillUlO, ltli(| tholi i'iliS(,(t ill ah.(ihol

li_li(| dried. Tlio sl)('('hnon was Ilion l)hololili('ro-

7rtll)ho(| ll.nd l'elesto(| for ILII i_(ldilional lllllllh(,r of

(Tch's. Wli(,n ('r,wks were found, 1)h(il()nii('ro-

graphs were 'flso taken prior io el('hing.

RESULTS

BENliIN(I TESTS

Fully reversed bending tests.--A lyl)i('ul ex-

lmll)h' of lhc r(,sulls of fully revers(,d I)en(ling lit, '2

(!l)lii is shown in figili'o 3J(ii,). It i,,4 s(,Oli ltllil ilfl('i'

,i.l)liroxiinlitol 3- 600 ('yclos ihc sli'(,ss lias increased

fl'Olll 2,o00 i,o 25,000 psi. ]/cnding-t.esl resulls ll, l_

1,8()0 el)In Itl'P shown hi liglii'(! 3(l)). I;'l'it('l(Ir('s

g(,nei'ally ooouri'e(l oilhof lls i/. i'(,sllll of frellhlg in

lhe grips or olse upon iliCl'Olis(, of ,_1 i'll.ill linll)lil.u(lo.

Iii ()lily oil(' vliso dht frli, cl, lli'C ()c('ili' (]lll'ili_' cycling

Im(l lilis ('ilSO involvo(1 lli(, largosl sl l'il.ili Imll)lilu(lo,

0.()$5 inch. FlIJlure of this Sl)O('ini('n ol'(ulrre(|

lifter on|3_ 17 ('y('les. 'i'll(, goll(,rli.l fili(lin,7 wl/.q

thll.1, nolhing ltkin to l li(! u,_uli| iyl)e of fuliglie,

fliilui'e o('(uirr(!d during t.il(,s(_ l(,sls. Sevorlil of lhe

si)e('inl(!iis were (d(.tiod to hi'ing oiil. (lislo(.lilion

])n.tlei_ns. The sliI)lmnds revoah'(| hy this loch-

niqu(_ were siinihlr hi lil)l)olt.rml('o lo lhosc which

will bo descril)ed in gi'oli.l(,r dci_/il in oonu(,oiion
with t,he loi'sion tests.

lean-load tests. An oxlinil)lO (if lh(, lyl)O of

l'(,._uit ot)tain(,d for t esls in which iho inililil sll'il.ill

Imi])lilude x,."ts liOl. syuun(qri('al ll.t)oul, tile origin

is showii ill Jig/ll'(_ 4. The lllOSl ,_ll'iking tin(ling is

l.tu_l during the ('Olll'S(, of ('y('ling the iilOllll load

is qui('kly elinlinllle(I. Tllor(,il.flof ill(, lest. is

e(luivahmi in a fully l'ov(,rsod 1)onding l(,sl. ']'ti( _,

r(qatively low vl/.lllo of l ho inililll yMd Sll'('SS for

this nlil, terilil liinils ltm li.liiOlllil of nil-ill ._ll'('ss

whicll could l)e inilially Ul)l)liod 1.o al)O(lI 2,000

psi. 1 hiwov(,r, aflor ill(, yield sli'ess of "/ _l)o(tinion

tia(I linen in('l'Oilsed 1)y ('y('liiig, II inon.n loli(l (.ouh[

be sllslltillod provided the peak st.ross in lh(' ('yclo

(lid not exceed the hwol of lho hOVe yMd stress.
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FIGUI{I,: 3.--]':ffct't t)f cyclic speed in fully rcvt,rsed I)ml(ling

on the I_,havior of I,iF crystals.

'l'esls al l,g00 ('l)n[ yielded results similar to lllosc

ol)taim,d at 2 Cl)m.

REVERSEI) TORSION TESTS

Unetched specimens.--The primary finding of

the reversed torsion cycling tests of polisht,d lint

un(,l('hed si)e('imens was that faligue faih.'e did

not oc('ur even though th(, peak shear slr(,sses

reached were of lhe order of 10,000 psi, as ('ore-

pared with an inilial yi(,ld shear stress of 1,000

psi. Such faihm's as occurred were du(' io frelti.g

in the grips or (,is(, o('(,urred immediately upon
increase o[ the appli(,d torque. As in th(' reversed

t)(,mling tests, after sorer, cycling a linear relation

3,00C

o_

o

"5

g

J_

E
E

2,50C

2,00C

1,50C

I,OOC

50C

o

50O

1,000

1,500

2,000

2, 50C •

Initial "mean" stress
(starting point for cycling)

iO0 ~

_) _ J J3,000:_ -i 2 .004 .006 .008 .010 .012 .014 .016

Amplitude of deflection, in.

FmuaE l.--Effvct of r(,versed cycles of c(mslant strain

aml litu(h, on the "mean" sires,,, in a ],iF' cry,,-ial.

was l'ou.d to h(4d 1)elw('en lhc applied l.r(lue and

the am]4itu(h' of twisl.
]11 tic CAN(' \V[|S evid(ql('e of ('X|l'llSiOlh "4, O1' ill|l'lt-

sions fo tnd. lh_wever, 'tt the higher stress h, vels,

after some 1()7 ('ych, s had been a,l)l)licd a h,tnt('ious

white I:ow(lcr formed. An exantph, of lhis eff(,('t

is showt in/igurc 5(a,), wlli('h was lak(,n after the

sl)ecim(n broke. Figure 5(h) shows lifts same

region _,fter immersion in dislilh,d w_m,r, and il is

noted limt the while powder, which, as is subse-

quently dismissed, is beti(,v('d to b(' lilhium hy-
droxide has been removed and that some ar(,as of

the st)(('imen al)pear to have been (.hemi('.dly
a lta('k(, ]. Ch(,mi(.ally polishing lh(,sc Sl)e('imens

_[t('r h':,;ting revealed a 1)('rsistcnl sul)stru('!ure as

shown i,l figure 6.
Etched specimens.---S1)(,('imens etched to reveal

the l)r(';en('(.' of dislocations were l('st('(l al stress

levels lear 1,000 psi, [or at higher stress levels

the dcisity of dislocation etch pils hecomes so

high tl at. inlcrpretation is ditlicull. A lypiva[

('xalnl)],_ ()[' t,he 1)rogl'cssiv(, growlh ()[ slil)l)ands as

rcveah,,[ by the et('h-pit le('hni(lUe is shown in
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(b) L-60-6922

(.I _Vhit(, del)(Mt _('ar r[,gio_ of static fra(,l_H'(, "llong, :_ cubic ('h'avag_, phtn(,.

(t)> Sam(, region a_ in (a) :filer imm[,r,Mon of Sl)[,('im(,n in distilh,d wai(,r.

I_'IGURE 5. (100) surfae[' of torsion Sl)('(_im('n after 107 ('yeh's at a ._[l(':lr stress

of 7,500 pM.

fig, res 7(a) to 7(j). As seen i_ tigure 7(a), two

slip systems at right angles to ea('h other are

operative. The slil)t)_mds thems(,lves _re seen to

be composed of (qosely spaced dislo('ation el(q_ pits.

Because of the orientation of the torsion speci-

mens, the dislo(_ations revealed by the pits are

( ,_ 500_

edge dislo('aiions. Although the h)ngit.u(lin._l and

transverse bands are of similar appearance after

10 (_y(,les, _ffter 100 ('yeh,s it. is apl)arent that the

longitudinal ba.n(ls have t)ro_dened to a grcaler
('xt(,nt t.[mn Imve the transverse bands.

The Sl)e('imen shown in tigure 7 was subjertcd

592704--61--2
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L- 60-6923

],'[(_t:u.E 6. Substructure developed beneath surface of_pecitncnaftcr 107 cycles at a shear stress

(,f 4,000 psi. Transverse direction of s|)(_ciln['n iS lmralhl to straight nl_lrkings. ()/, 500)

to an initial shear stress of 1,000 psi. After

1,750,000 cycles it, apl)eared that no furth(,r

changes were o('('tlrring and that ('ra('ks }lad not
formed. Tile nunl|ier of longitudinal slit)bands

was hu'ger than after l0 cych's, although the

nunlber of transvem(, slit)bands was writ'hanged.
Tile shear stress was then in('reased to 1,500 psi.

No cracks were de(el'ted after 100 ('y('les at this

stress levi,l; however, cracks were deti,('ted after

1,000 cycles. Figures 7if) and 7(g) show the

('ra('k(,d region, figure 7if) 1icing printed so as to

bring ()tit the oral'ks and 7(g) so as to bring oul

sonw markings which al)liellred.

Figure 7(hi shows the ('ra('k(,d region after
ei('lling, and it is seen that s(wer(, ('henlical atrilck

has occurred. This tyl)(' of at,tack had not oc-

eui'red t)rior to the ltppl,aritn(.(, of lit(, (,ra(qis.

(_]ionliclll polishing t)roughl ()ill lhe (.l'a(,ks hi(it'(,

clearly, ils shown in i_iglll'( , 7(i). Flit'thor polisiiing

I'('llllived the Cl'lwks ('ontliletely. Afler ttlo spe('i-

IliOn Wits tested for an addiiionlll 10_ cy(,les itlld

thiql etched, additional slip lines lit an ll, ng|o (if 45 °

to tile o:'iginal slipbtulds were in evh|en('l, in the

cracked r'egion, as shown in figure 7(j).

Featu 'es of interest with l'espeet to the ('ra('ked

region a_ e as follows:

l. Th,, cracks are perpendi('nlar to the biulds

and away front tit(, main int(,rsections, and appear

to have originated at, the int, erfa('(, between tit(,

slipliod i:nd unslipped material. In ii given band,

the crac :s arc on the SltlltO si(ll, of tit(, ban(t, and
while III*)St. of the ('rat!ks al'(? in tho longitudinal

tiands, it few lll'(, ill tilt' II'iLIISV(WSIi ltan(ls. Tilt'st'

eft'(,('ts 11 it 3" bo sO(,ll t)('sl in _-iglll'(, 7(i), in whi('h

the liThi tti'liliS (!Ol'l'('S[)Oll(t 10 slipt)ands.
2. ,Sill lltlani_Ollsly with the ill)pelirll31(.o of (.ra('ks,

it, (']ilt, ligt in tire lllitUl'(, of the sill'fil_('(, look Iihl('t';

in ('(,rtai i rogions of the })tllld etch pits li.l'(, 11ol in

eviden('e aIl(l "slil)" inlii'kings lit ltligh's of 60 ° tit

70 ° to tile li"HlSvt,rs(, dir(,('lion ltave al)peared as

indi(.ai(,(l in figuro 7(g). Iiliili(,l'SiOll ill ih(, el(,hing
sohltion l'(,sulted ill it (!helnii'al al,la('k of t,ho,

('ril('l,;ed i'egion, not only ill tho I)lm(ls but ills() ill

llio IlnsliliI)(,d ri!gions ])(qwo(,li till, liitil(IS.
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(e)

(f) L-60-6926

((+) Aflt'r 1 :ldilition'tl ('ych' :t_ :_ _lit'_tt" _ll'l'_ of 1,500 l)_i.

if) Afli'r 10 :l :t(l(litil)ll:ll t'ych'_ :it It :h('nr _tr'('_s uf 1,500 I),_i. Sl)(,ciln('li was (,t('h('d :tfti'r 1() e cych':, I)lll li(ll :ifll'r 10 :+ cych'_.

Tyl)i(':ll whih' I):li('h['_ at'(_ _l'('ii :11 :_ :ul(l tyl)i(':ll ('r:t('k_ :tt h.

|"I(i t:RE 7. (_l)ll| i1111(!(1.
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'i (!raek(,d re_i(m after vlu'mi(ml polishing.

(j) Al)l)earanv(' of ('ra('k('d l'v_ion ;file,' ,','n,()val of ('rneks I)v eh(qnieal polishin_ and furlher cycling.

l,'](a(rl.: 7. ('(mclud(.d.

DISCUSSION OF RESULTS

BENDIN(_

The results of (h(, rev(,rsed I)(,nding tests _t,

2 cpm indicate that, the ('y('ling speed hns milmr

inllu('ll('(' on tile behavior of I,iF ('rystals, sin('e

th(' results are no( signiH(';mtly difl'(r(mt from

(hos(, i)r(,vious]y ob(._dn(,(l n( I,S00 ('pro 0'vf. 14).

In both ('ns(,s HO faligu(' fniluv('s O('('m'v('(l, ('V('n

though tl)('re w_s su('h _l mnr],:(,(l (h'gr('(' of hnr(l(,n-

ing that the yi('ld slr(,nglh of the ('rys(a] was rnis(,d

l)y an or(h,r of mngnilu(h'. This in('r(,ns(, in yi(,hl

strength is (h,lh)il('ly ass()('int(,d will_ the ('y('lin_

l)ro('('ss, for in unidir('('tiolml l)(,nding to fnilur(,
V('l'5" ]itlh' strnin lmrd('nil) g o('('urs.

Th(, Sl)(,('im(,ns w('r(' (,x;miin(,d nft('r testing for
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imlirations of extrusions or intrusions; however,

none were found. This wns (o I)e exl)e('ted m

view of the inability of rrystals with tit(' sodium

('hlm'idc S[Hl('ture |o ('ro:.4s dip in an easy mam.,r,

since there nr(, no two slip phm('s whirh Imw, a

romm(m slip direction. Th(, process of ('ross

slip .or only requires l[LaI th.e two slip l)hm('s

involved have a romm(m slip (lirerti(m so that a

s('rew dishu'alion ('1l|1 |IIOV(' frOlll Oil(' phme 1o the

olhcr, hut also rc(luires that the resultant dislo('a-

tion loops be free to, expand in the cross-slip phme. (a)

This means that the itmbility of the edge ('Oml)O-
m'nt of the expanding loop as well as the mobility

of the screw cOral)Orient must t)e considered.
Sint't, the dishw'flio.s in ionic ('rvslals su('h as

IAF are not extended, the motion ot srr't,w dis-

hwations out of tim {110} typ(' slip i)hmes is

VXl)erted. In ['arl. (_,ihmm and Johnslon (ref. 21)
harp obtaim,d evidence for the motion of screw

disloralions ohio {100} type t)hmes. I[owever,
Gilman (ref. 23) has also shown (ha( glide on other

lhnn {I 10} ])hines in IAF is a very ditlit'ul( process

n( roonl lenll)t,rnture. This lllllS| 11(, (hie lo the

imdfility of edge (lislo('ations to move on other (b)

(h,,,, 11l()}
'['h(' fn('t that s('r(,w dish)vati()ns are r('latiw'ly

fr(.'(> it) lllOV(' on ollt(,r thml {ll0} l)htt.'s v<hil(,

(,([gt' dish)rations are m)t is (hougttt to a('('om)t

for (h(, type of l)roa(h,ning of slipl)an(Is ('n('ount(,r(,d
in the ,'ev(,rs(,(l l)(,n(lin_' aim r(,vers(,d torsion

(,Xl)erim(,nts. For (,xml)ph,, ('()nsi(h,r th(, situation

showll ill fib_ur(' S,, vc]u,r(, s('r(,w ('Olllp()ll(qlt_ lllOV(,

along a (I I0) l)htn( ' in an IAF (y[)(' of ('rys(al until

they (qt('ount('r an obsla('h,. ']'h(,\ l]t(,n can lilt)v('

onto so,re' oth(,r l)hm(,, aided in this ('tossing l)v

the piling u I) of disloea(ion,_ at t h(, obsla('h,. IIow-

(,v(,r, lh(' r(,sislnn('(, ()f th(, (,(l_(, ('Oml)on(,))t I() Cc)

In()lion oil the nrw platte is such thai lht, screw

('Oml)on(,nl l'(qllrl|s to n (1 I0) l)hm(' l)arnlh'l t()

the initial phm(, as soon _is lh(, initial obslru('tion

is l)yl)aSse(l. Slip ()n tl., ('r()ss-sli l) plan(' is

quirl,:ly halted by th(' pih'up of ('(Ig'(' dish)('ations
in lifts l)hmt'. Th(' ('n(ls of file ('(Igt' ('Oml)on('nt

art .s l_'ranl,:-llt,ad sour('t,s, g'(,n(,rating n(hlitiomd

(lish)('ations in the (II()) l)lan(,s. Th('large mmL-

l)('r of l)()int-(h, fe('l ('h,sl(,rs tn't,at('(l (h,ring ('v('lh'

loa(lin_ 0'('f. 24) ,nay sm'v(' as Imrri(,rs and h'a([

to rapid l)roath,ning of the slipl)nnds, unlil in lit(,

('as(, of IAF a! high(,r stress h,v(,ls the entire surfa(,c

is ('over(,(l with tim' slip lines. There is no ('ir-

('ulnt()ry motion of screw dislo(,ations in such a

(NO)

A

(HO)

[i_o]

(11o}

(IIO)

B

o

[_o]

fllo) (0,_//

A

fl)0)

fit) )isl.('-tlicm lool)s hh)('k('d at :%. _'_l)y Imrrier.

(I)) l)i,..h).it ion h)ol)s cross ,-.li I) on (001) wh(,r(. ('(I_(' com-

l)On(,n(,_ ar_. r(.l').l ix'ely immobih,.

((.) L(.a(li ig dish)cat i())l m()v(.s h:u'k on (I I0) pl'tn(', l'in-

ni )_ point "_t 0' '_('l_, as l,'rank-ll(,'M s()urc('.

]"I(;U(_.I"] _). -_[Od('[ of slil)ban(l broad(,nin_, it) IAI".

mat(,rin , and h(,n('(' extrusions or intrusions ()f the

type (h,:;t'ril)(,(l 1)v .Molt ar(' not ('Xl)('('t('d. llow-

cv(,r, in oth(,r materials in whi('h edge (lish)('alions

are mobil(' on th(' ('ross-slil) l)hm(' th(' Nlott

me('han)sm wouhl l)e eXl)('('t('(l to operate.
Th(, l('sts to d(,t(,rmin(, the inlluen('e of a m(,a,n

loa(l at( of int(,r(,st in thal tht,v show that l)lasth'
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(hq'o]'m_/.lion will t('nd 1o tqiminatt, the mean lo_ld,

thus (.onverting such tt,sls to fully rev('rs(,d sirt,ss

tests. Since l)lasti(' th, fornlation at, critical sites

is ('onsi(h,rt,d to 1)t, rt,(luirod ft)r fatigue f_ih|re,
ther(_ will t)e _t r(,dtwtion of me_m st rt,ss in st..h

cri/Md sites. This r(,(h,'lion of m_'an str_,._s m,_y

})e the exphm_Hit)n ft)r lhe fact. lhat. i.h(, en(luran('t,

limil tlt, p(,ntts mort, upon r.mgt, of _trt,ss th.. ul),),

t.he hominid 1)_'ak strt,._s in t`i,' cy('h,.

TORSION

Unetched crystals.--Tht, fat'! 1]J_IAfatigue fail-

urt,s dill not t)('eur in unt, Wh(,d spt,cimt,ns indi-

catt,s th_tt dislocation t)ileups tit) no! h'_/tl lo t'r_M,:

formation during cyclic h)ading of LiF sl)(,t'imt,ns.

(The t,tch-t)it studies intli(_aie that l)ileups do oc-

cur.) in lht,,_t, tt,sis the slip v(,(qor w:ts in lh(,

I)l_mc of tht, surfa('(,, but lhis is nor ('onsith,r(,d

to t)t, rt,st)onsit)h, for 1]w lack of fatigut_ f.filures,
for in rt, v(,rs(,d t)t,nding It,sis the slip v('('tor was

out of tht, plant, of tht, surface, bui even in tlwse

it,sis I'_Ltigu_, failurt,s did not ()('cur. "It is (,onsid-

(q'ed that. normal fatigue failure r(,(luirt,s ihai lh(,

slip vt,clor t,t' out. of tit(, plan(, of tit(, surface, but
in athlition cross slip must oe(_ur.

Etched crystals.--T}w fat.! 1]ml cracking v_'_ls
ot)servt,d only in lhe ('lobed ('rystals imlicates lira,!

(.rat.king w_ls t'_wilit_tted t)y lht, _wtion of the (,t('h

pits us st rt,ss r_tist, rs. Tt., lt)('_lit)tl of ('tat'ks trans-

vt, rs(, to tit(' slipt)an(ls at the intt,rfat'e bet,,vt,t,n

slipl)ed _lnd unslippt,d m_,,tt,ri_d is ('ontr,_rv to

(,Xl)(,(,i_trit)us based on tt,,_t.d filligut, t)(,havior. "In

lhe usmd case, tht' ('r_l('l,:s dt, velo I) wilhin and I)_r-

alh'l lo th(' b_m(is. ()n tit(, b_sis of the t h(,ory
eon('t,rning lht_ pih'ul) of dislot,ations (rt't',_. '-)5

and 26), ii might t)(, t,Xl)(,('ted that crat.ks should

initiate at tht, inl(,rs(,t'tion of lht_ slii)t).tntls I)t,-

('aust,, as shown in tlgm'(' 9, lh(, bands tl_cms(.lv(,s

_r(' barriers to slip. (Fig. 9, which shows a region

of low stress in _ Sl)t,('imt,n t{'st('(t _tl 4,000 psi,

also in(li('ah's tlm, i at higher slress h,v(,]s the t,ulire

suz'l'a('t, is ('ov(,r(,d t)y tin(, slip lraces.) The fact
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that vrnt'l.:s f().'m away fl'om the mnin inlerset'-

tions may indicate thai sonw olher nte('hanisul

of cra el-_ formation operated in this case.

A possihility is thnt (+rn(q_.s were initiated 1)y lit(,

SUllerln)sition of lensih' stress tiehls of passing edge

dish)cntiolLs of opposite sign whi('lt were f()r(!ed

past ent'h other t)y the in('r(,use in the stress fl'om

1,000 to 1,500 psi. lhmever, if lids were lhe
(rose, the resultant ('racks sht.td(I In, paralh'l rut her

than I)erl)endit'ulnr to lhe bands.
AI,)ther possibility is tirol in ('ertain regi(ms of

the 1)and: there is an (,x(!ess of edge (tishmations

()f one siffn. Stt('h tltl eX(+OSS woul(t l'eS/lll in _

eurvuture of the lmn(Is, i[' they were fret, to (h,f<,'m.

ttoweve,', tl,, surrounding mMil)l)ed material

would t)revent tilt, Immls t'rotn tal,:ing' on this
<q.",nture. und this restraint w(tuhl set tilt a

Iwmling stress within lit(' band. whi('h would _u't

in tl., h)nviludimd (lire('tion of the hund nml wouhl
t)e a maxinlum nl the iniertac(' t)elwetqt the band

and llu ..... " "ttsttnmmg uuslit)l)ed malm'inl. A1 ill('

lower stress h'vel (1,()0() psi), this stress ('()ul)led

wilh Ill(' stress-raising elt'ect_ of Ill(, eleh 1)ils

themselves v+us not sutti('ietlt to cause fl'a(qure,

l)tt( Ill)Oil itl('F('ose of Stl'eSS lo 1,500 psi, lhe densit v

of dish)('nlions ttlnv It:Ave t)(,etl in<q'(,_tspd with a

resullnnl in('rease of I)(,n(ling slr(,ss sutti('ient to

initinte (','aeks ()f Ill(, lyl)e (d)sel've(1 in thes(,

eXl)(,rinwnts.

Although it is true that, there shouht lie no

excess of dishw,ttions of (the sign when averaged

over Ill(, lmnds, it is possible thai in localized

l'egiOllS Oil either side of _l st)tll'Ce Sll('h till eX('i'SS

could d('vtqol), lnd('ed, work by Nve (ref. '.,)7)
with silver chloride indicated (hnt nn excess of

dish)cations of one sign was present, within Ill(,

Into(Is. R(,('ently Kear and Pratt (ref. 28) de-

seril)ed n proce(hn't, which mn(le use of the color

vhanges whit'h o('eurred iu stressed ioni(', crystals

when viewed un(ler l)olarized light to idenlify the

sign of the dishwatious. Application of this h,ch-
ni(lue to the stu(ly of slipbnmls develope(l during

fatigue shouhI 1)rove worthwhile in determining
the charncter of the dislocations.

Another l)ossible explanation of the eause of
Oral'l,: formation is that dish-,cations moving ahmg

lhe ol)serw,,d new Imnds which make approxi-

mately 65 ° angles with tile transverse direction

are 1)ih,d up at th(, ohl bands. This pilcu l) wouhl

set up a high tensile stress which, when (:oupled

wilh lit(' alren(ly l)resent 1)emlinv stress within tile

bands vn(] lhe slr(,ss-raishlg (,re,eL of the pits,

couhI bring al)out, the ol)st, rv(,(l era(king nt the

e(Ige of lhe original bands, lnsl)(,('lion of figure.

7(g) rev(mls (hat many of th(, ('ra('ks are h)(m(('(l at

the t)()il_t of inters(,clit)n of lit(, ohl t)at,ls with (h(,
_15° lilw< In addition, the whilish regions in lit('

slil)lmnds , ns, for vxnmf)le, tiw regio,t ]ocnt('(l hi,

the h'fl ('entt,r of figure 7(g), also s(,tqn to run in a
tj5 ° (lire,:tion. As will be (tismtss(,_t in Inore [letail

subse(lu,,ntlv lh('se while regions ,nny r('pr('seni
exvess lithium ntoms (:orresl)onding ill lilltimn

wwancies ('re:ned where th(, new slip system inl(,r-

se('ls the oht, Ill(, uew syst(,nt tutving t)('en a(',livnl('d

ill)On itt<:l'(':tst' t)f stress. ()f the I'.reg()ing' I)ossi-

t)ililies, it al)l)enrs lhnl. this exl)lanalimt is most
eonsisle+lt with Ill(, observations.

In a(iditi¢)u 1_) ill,, d(,vehq)m(,n( of ('ra('ks, the
('he]ni('=il re(lure of the surl'a('e of the ('l('hed

spe('intens appeared lo h,ve 1)eeu alt(,r(,d. Similar
changes were nlso found in tit(, nbs(,n('(, of t'aligue

<'ra('ks on the surface ()1' lhe unelHw(l sl)evinwns

I)oth in torsion and in betl(ling. S,u(.h Sl)e('imens

wet'(, ('ltemi(mlly atht(q_:ed t)y distilled "+vale,', ill('

f(,rri(' "luoride el('hiug soltHion, and nh'(dml.
Since 1,() such atln('l,: was ever I'()un(l with un-

stresse(1 crystals, or with uni_lire,li(mallv slt'(,ss(,(I
('t'vstnls it must have l>een usso('iate<l with ('hunffes

whi('h c(!('urre(l _htring ('y('ling. Ittnsmu('h ItS tit(,

sohtl)ilily oi' lithiunl lluori<h, in water is very h)w,
and litldtun is solubh' nml hns a white ('oh)r, the

white (iel)osil has I)e('n tent,alively i<h'ntified ,s
lilhium or, m<)r(, t)r(dml>ly, lilhitaln hydr<)xid(,,

which l)dght ('xl)htin the altered nl)l)earatw<' of the

1)an(Is i:l tigur(, 7(1'i ns due to thv (:onll)inalion
of IithiHn with (,nvironm(,nt,l moisture to fornl

lilhimn hydroxid(,. ]f the d(,posit is iu(h,ed

lithium hydroxi(h', then the l)rodu(!li(m of (,x('ess
lithium at the surfa('e must involve the simulta-

neous 1)ro(lu('tiotl of lithium wmaneies or fluorine
interstil rids. ()n the basis of the w(,'l,: of lwhov(,c

(ref. 291; and of Pratt, (rot'. 30), the energy r(,(luir(,<l
to form a lithium vacancy is less ilutn that re-

quired to f()rnt a tluorine interstitial; h(,nee

vacant' 3 fornmlion wouhl 1)e more likely to o(-('ur.
The (,',::)erimetltal work on unet(:hed st)(,('i]n(,ns

itt(ti(mtc+ that, hn'ge mnnt)ers of va(mncies were

formed without the formation of fatigue crael,:s,

and t h_s lin(ting provides a further basis for

rejt,<qio!t of the sl)eeuhlti(m that va('aneies are

resl)onsil)le for rapid fatigue failure.
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In lhe tesls involving etched Sl)e('inwns , the

grenter broadening of the hmgiludinal Immls rau

be att ritmtt,d to the greater dimension ()fthe

longitudilml direction in comparison wilh ilmt,
(If lhc II'all:a, vcrs(_ dii'eclion. As disrussod in the

])revious serlion, sill)band }woath,tfing is otto-

sidered to require cross slip where slip in lhe

1)rimary system is t)],wked t)y an obstnrh,. In

cryslnls of IfiF, howt,vtw, this rross slip is of a

"very lilnilt,d m_ture h(,('aus(_ of the imn_obility

of the edge <'<mq)on(,nl of un eXl)unding (lish)rulion

loop in lhe cross-sli t) l)hm('. If lhe mlml)or of

(d)sta('h's to t)ri]nary slip is l)r<q)(wli()nal to the

h,ngth involved, th(,, il is r(,asomA)h, lo ,xpe('t,

the groaler ]H'Oat]('llill K Of the h)ngilmlinal bat.Is.

This (,xl)hmntion wm,ht not nl)ply, however, to

the observation thal the numl)er <)1' lotlgitu(limd
l);tnds his<) ilt,'r('0.s('(l, wh('r(,as lh(' tlulttl)er ()1'

transverse Immls di,l t|ol.

CONCLUDING REMARKS

In reversed })ending an<| r(,vel'sed torsion t(,sts

on a numher of single rrystals of lithium tluori(h,

tile print'il)ad tin(ling_ were as follows"

',Vith reversed stress in bet.lit_':

1. Theft, wns no signiti('ant dilreren('c })('lw('('tl

the t)ehavi<)r of Sl)t,('inwns tt,sl<,tt +it, '2 (,pill and

1,S0() rpm.

'2. Thv st rt,ngt h of the Li F rrvs| als was itWl'eased

by an ordtq" of magttitu(|v as a result of cycling,
'_t,l no l'ntiv'ue fuilur('s were obtaitwd.

3. l)]asli<: <]efornllltiotl duri.g' the ('ourse of

cycling tends to elimimtlc any nl(,an loads which

may have I)c(,n initially imposed.

x,Vith rew'rsed stress in torsion:

1. In t)olish(,d but, lmel(dwd LiF spe('itnens no
l'alig.(, failures oc('ur.'ed 'rod .o extrusion: or
illlrtlsiOllS 'WOI'(' fl)lllld.

2. ('racks were f,mn(I only in those ('rxslnls

that ('ontnin<,([ dMoration t,tc}l pits.

3. Th(, alnl)lilu<le ol' defornlalion was directly

l)rOl)ortional to tire +tntl)litu(h, of applied lor(lue

u I) t<) the tnnximtml stress al)l)li(,d.

4. The llltlxiilllllll slrt,ss tll)l)lie(t was an order

of nlag'tfitu(h, [ligher titan the static yit,h] stress
of the virgin <'rvstnl.

5. Evidence <)f va<'atwy formation w,s l'oul_d,
|)tit the l)res(,nce of Vtl('tlll('ios did not result in
Cl'tl.(q,;. ]'Orlllat iOll.

I_ is <_on('huh'd thai:

I. Th(' l)resent results l+urnish n(lditiotml

eviden<'t, that etlsv ('ross slip is required for fttti_tle
faihtt'c to oc(qir in its normal fashio..

2. A variation in Sl)('('<l of ('y('ling ovor the ran a'(,
Rfrom '2 ('pro lo 1,( 00 (q)m has no signiIh.ant etreet

on the behavior of lille.

3. Va('nn(+y formation did not lead to fatigue
failure in l hese exl)erimenls.

4. Plasti(+ deformation serves lo elimi_mte mean
hinds.

5..l)islo('alion l)ih,ul)s did not lead to the

formnlion of fatig'u(, ('ra('ks in t]ws(, exl)erimenls.

LANGLEY ]{tG'4EAR('II (+ENTEIG

NATII)NA1, AEIg()NAI'TI[','4 AND _I'A(?E A[)M[N[STItATII_N_

],AN(HACY 1QELI), V>,., ,_rloh.mbcr 2[J, l#60.
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